Background: Growth factor receptor-bound 14 (Grb14) is a negative regulator of insulin receptor (IR). Results: Grb14 modulates rod cGMP-gated channels and perhaps also phosphodiesterase 6. Conclusion: Grb14 may contribute to rod transduction and adaptation. Significance: Phototransduction can be regulated by proteins involved in the IR signaling pathway.
Growth factor receptor-bound protein 14 (Grb14) 2 is an adaptor protein that plays an important role in receptor-tyrosine kinase signaling pathways and insulin signaling (1, 2) . Although there is convincing evidence of a negative role of Grb14 in insulin signaling (3, 4) , experiments with Grb14 Ϫ/Ϫ animals have also revealed positive effects of Grb14 on receptor-tyrosine kinase signaling in a tissue-specific manner (5, 6) .
We previously identified Grb14 in retinal tissue (7) . Grb14 is localized predominantly to the rod inner segment, nuclear layer, and synapse in dark-adapted rods, whereas in lightadapted rods, Grb14 can be found throughout the entire cell including the outer segment (6) . Light induces activation of the insulin receptor, and ablation of Grb14 results in the loss of lightdependent activation (6) . Grb14 undergoes tyrosine phosphorylation by light-activated non-receptor-tyrosine kinase Src, and phosphorylated Grb14 acts as a positive regulator of the insulin receptor (8) . By competing for protein-tyrosine phosphatase 1B (PTP1B), a negative regulator of the insulin receptor (8) , phosphorylated Grb14 enhances activation of the insulin receptor (9) .
These observations suggest that Grb14, perhaps in concert with the insulin receptor, may have some role in the physiology of photoreceptors. One possible mechanism of Grb14 is the modulation of photoreceptor-specific cyclic nucleotide-gated channels, perhaps by direct binding of the Grb14 Ras-associating domain with the C-terminal region of the CNGA1 channel subunit (10) . In vitro kinetic and biochemical assays on rod outer segment membrane vesicles suggest that the channels may be more sensitive to cGMP and open at a lower concentration of cGMP in Grb14 Ϫ/Ϫ mice (10) ; however, the functional consequence of Grb14 interaction with the cyclic nucleotide-gated channels in rod physiology in vivo has not been previously investigated.
In this study, we explored the function of Grb14 in rod photoreceptors by recording electrical responses from rods in which the gene for the Grb14 protein had been deleted. We discovered that rod responses from Grb14 Ϫ/Ϫ mice recover after illumination more rapidly than responses of wild type (WT) mouse rods, as expected if the channels are more sensitive to cGMP and open at a lower concentration after deletion of the Grb14 gene. Much to our surprise, however, the effect of knocking out Grb14 was observed even in dark-adapted rods and seemed unexpectedly to be the result at least in part of an effect on the rod phosphodiesterase. Preliminary results of this study were reported at a meeting of the Association for Research in Vision and Ophthalmology (11) . (3) and were re-derived on a BALB/c background. Control recordings from WT BALB/c mice were always made from littermates of the Grb14 Ϫ/Ϫ mice used in our experiments.
EXPERIMENTAL PROCEDURES
Immunoblot Analysis-Retinas from wild type and Grb14 Ϫ/Ϫ mice were homogenized in a lysis buffer containing 1% Triton X-100, 137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM EGTA, 1 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, 0.2 mM Na 3 VO 4 , 10 g/ml leupeptin, and 1 g/ml aprotinin (12) . Insoluble material was removed by centrifugation at 17,000 ϫ g for 20 min at 4°C, and the protein concentrations of the solubilized proteins were determined by the bicinchoninic acid (BCA) reagent following the manufacturer's instructions (Pierce Biotechnology). Proteins were resolved by 10% or gradient (4 -20%) SDS-PAGE and transferred to nitrocellulose membranes. The blots were washed twice for 10 min with TTBS (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 0.1% Tween 20) and blocked with either 5% bovine serum albumin or nonfat dry milk powder (Bio-Rad) in TTBS for 1 h at room temperature. Blots were then incubated with anti-Grb14 (1:1000), anti-CNGA1 (1:500), anti-PDE␥ (1:1000), anti-RGS9-1 (1:1000), anti-G␤5 L and anti-G␤5 S (1:1000), anti-R9AP (1:1000), anti-PDE␤ (1:1000), and anti-actin (1:1000) for 1 h at room temperature. Following primary antibody incubations, immunoblots were incubated with HRP-linked secondary antibodies (mouse or rabbit or goat) and developed by enhanced chemiluminescence according to the manufacturer's instructions. The GAP protein antibodies (RGS9-1, G␤5L, and R9AP) were kindly provided by Dr. Theodore G. Wensel (Baylor College of Medicine, Houston, TX).
Suction-Electrode Recordings-Suction-electrode recordings were made from single mouse rods by methods previously described (13) (14) (15) . Grb14 Ϫ/Ϫ and WT littermates between 2 and 6 months of age were dark-adapted typically for 5 h but for at least 3 h in a light-tight box. Rods were perfused at 37-39°C with DMEM (catalogue number D-2902, Sigma) supplemented with 15 mM NaHCO 3 , 2 mM sodium succinate, 0.5 mM sodium glutamate, 2 mM sodium gluconate, and 5 mM NaCl, bubbled with 5% CO 2 , pH 7.4. Data were filtered at 30 Hz (8-pole Bessel filter) and sampled at 100 Hz. Flashes of 500-nm light 20 ms in duration were attenuated to different light levels by absorptive neutral density filters. At dim-flash intensities, 10 -20 individual responses presented at 5-s intervals were averaged to obtain mean flash responses. At medium flash intensities, 5-10 responses were averaged, and the interflash interval was increased to 10 s. At bright flash intensities above saturation for the rods, only 3-5 responses were averaged, and the interflash interval was increased to 15-20 s. A 500-nm light was also used for steps of light and for bleaching. The amount of bleaching was determined as in previous experiments (16) from the photosensitivity of mouse rods of 5.7 ϫ 10 Ϫ9 m 2 (17) . Other details of response presentation are given in the text and figure legends.
The values of D for dark-adapted WT and Grb14 Ϫ/Ϫ rods were measured as in Woodruff et al. (13) from a series of five flashes each at seven intensities, chosen for each rod to fall within one-and-a-half log units above the flash intensity that just produced the saturation of the rod response amplitude. Flash intensities were in the range of 159 -3250 photons m Ϫ2 . The time in saturation (T sat ) was measured as the time from the beginning of the flash to the time at which the mean circulating current recovered to 25% of its dark-adapted value. The value of D was then calculated rod by rod (see Table 1 ) or from mean values (see Fig. 5 ) as the best fitting slope of T sat versus the natural logarithm of the flash intensity (18) . Unless otherwise stated, errors are given as standard errors of the mean. Curve fitting and plotting of data were done with the program Origin (OriginLab, Northampton, MA).
RESULTS
In Fig. 1 , we show the results of quantitative immunoblot analysis to compare expression levels of Grb14 (panel A), of the rod-channel ␣ subunit (CNGA1, panel B), and of several important transduction proteins for WT rods and rods of Grb14 Ϫ/Ϫ littermates (panels C-G). Densitometric analysis of immunoblots performed in the linear range of detection and normalized to actin (panel H) are plotted in the histograms of Fig. 1I as means with S.E. These results indicate that there were no statistically significant changes (Student's t test) in the expression level of the channels, PDE, or GAP proteins (RGS9-1, G␤5L, G␤5S and R9AP) between wild type and Grb1 Ϫ/Ϫ animals.
In Fig. 2 , we compare responses to a graded series of flashes of dark-adapted WT ( Fig. 2A) and Grb14 Ϫ/Ϫ littermates (Fig. 2C ). Deletion of the Grb14 gene produced a clear acceleration of the FIGURE 1. Expression levels of transduction proteins in wild type and Grb14 ؊/؊ animals. A-H, 10 g of two independent retinal proteins was subjected to immunoblot analysis with antibodies against Grb14 (A), CNGA1 (B), RGS9-1 (C), G␤5L (also detects short form G␤5S) and G␤5S (D), R9AP (E), PDE6␤ (F), PDE␥ (G), and actin (H). I, densitometric analysis of four independent immunoblots was performed in the linear range of detection, and absolute values were then normalized to actin. Values are mean Ϯ S.E., (n ϭ 4). The wild type was set as 100%. Student's t test was used to show that there were no significant differences in the expression level of transduction proteins between wild type and Grb14 Ϫ/Ϫ animals. decay of the response. In Table 1 , we give mean values with standard errors for the integration time, calculated cell by cell from the time integral of the mean dim-flash response divided by the peak amplitude of the response, and the exponential decay time constant of the dim-flash response, REC (see for example Ref. 15 ). Both the integration time and REC are smaller, and these differences were statistically significant (Student's t test, p Ͻ 0.05).
The acceleration in the rate of decay of the flash response is consistent with previous experiments indicating that rod cGMP-gated channels may be more sensitive to cGMP or open at a lower concentration of cGMP in Grb14 Ϫ/Ϫ mice (10) . Responses would decay faster because, during the recovery of cGMP concentration after illumination, the channels would begin to reopen at a lower cGMP concentration. Previous experiments have also indicated, however, that Grb14 translocates from the inner segment of the rod to the outer segment during bright illumination (6) . We were therefore surprised to see such a large effect of deletion of the Grb14 gene on the decay time of the response even in dark-adapted rods.
To investigate the effect of light exposure, we illuminated rods with 500-nm light at an intensity of 3.6 ϫ 10 5 photons m 2 s Ϫ1 for 335 s, sufficient to bleach ϳ50% of the rhodopsin (see "Experimental Procedures" and Ref. 16 ). After waiting 45 min to 1 h for the circulating current and sensitivity of the rod to come to steady state and for any protein translocation to occur, we recorded rod responses from WT ( Fig. 2B) and Grb14 Ϫ/Ϫ mice (Fig. 2D ). Responses in WT rods decayed more rapidly after bleaching, as we have previously documented (16) . A similar effect was observed for Grb14 Ϫ/Ϫ rods. The results in Table 1 verify that the integration time and REC were shorter for bleached rods than darkadapted rods in both genotypes (p Ͻ 0.05), and both the sensitivity and the maximum response amplitude (r max ) were also significantly smaller. Moreover, deletion of the Grb14 gene produced an acceleration of the integration time constant and REC in bleached rods similar to the effect of gene deletion on dark-adapted rods, and these differences were again significant (p Ͻ 0.05).
In Fig. 3 , we show averaged waveforms from WT and Grb14 Ϫ/Ϫ rods in the dark and after bleaching. In Fig. 3, A and B, we show responses to flashes of the same intensity of 730 photons m Ϫ2 . Panel A gives actual changes in circulating current, and panel B gives responses normalized rod by rod to the peak amplitude of the response for that rod. A similar comparison is given in panels C and D for flashes of intensity 220 photons m Ϫ2 . These results show the progressive change in the time course of decay caused by deletion of Grb14 and light adaptation after pigment bleaching. The decay of responses of bleached Grb14 Ϫ/Ϫ rods is surprisingly rapid; it is nearly as fast as from mouse rods with 4 -6 times overexpressed GAP proteins (19, 20) .
In the insets of Fig. 3 , C and D, we give superimposed responses for dark-adapted WT (black) and Grb14 Ϫ/Ϫ (red) rods at the even dimmer flash intensity of 8 photons m Ϫ2 . Responses to bleach-adapted rods at this intensity are not shown because they were too small to be seen above the noise of the recording. The dim-flash responses in the insets to Fig. 3 rise with a similar time course, indicating that deletion of Grb14 had no effect on response activation. To confirm this observation, we calculated the rate of rise by fitting the initial time course of the flash response with a function of the form
where r/r max is the normalized flash response, I is the flash intensity in photoisomerizations from a collecting area of 0.5 m 2 (21, 22) , A is the amplification constant, t is time, and t eff is the effective delay time of transduction (23) . We estimated best fitting values of the amplification constants with the program Origin for responses to flashes of an intensity of 21 photons m Ϫ2 for WT and Grb14 Ϫ/Ϫ rods and found no significant difference: WT 23.0 Ϯ 3.8 s Ϫ2 , n ϭ 15; Grb14 Ϫ/Ϫ 23.3 Ϯ 2.8 s Ϫ2 , n ϭ 10. These values were not significantly different and were similar to those we have previously published for mouse rods (24) . The mean values of t eff were also similar (WT 29 ms, Grb14 Ϫ/Ϫ 28 ms).
In Fig. 4 , we show response-intensity curves for dark-adapted WT rods (F), dark-adapted Grb14 Ϫ/Ϫ rods (f), bleached WT rods (E), and bleached Grb14 Ϫ/Ϫ rods (Ⅺ). Means and standard errors were calculated and have been plotted for the same cells used for Fig. 2 and Table 1 . Bleaching decreased maximum response amplitude and sensitivity in WT and Grb14 Ϫ/Ϫ rods, both by reducing the amount of pigment available to absorb photons and by producing adaptation similar to that produced by background light (16) . The effect of bleaching was similar for rods of the two genetic backgrounds. There were small differences in maximum response amplitudes between WT and Grb14 Ϫ/Ϫ rods, indicative of a difference in the circulating currents, but these differences were not statistically significant.
Although the small effect on rod circulating current was unexpected, the other results we have so far presented seem consistent at least in part with previous data indicating an effect of Grb14 on cGMP-gated channels (10) . Rod cGMP-gated channels are also known to be modulated by Ca 2ϩ -calmodulin (25) (26) (27) (28) , and deletion of the channel Ca 2ϩ -calmodulin binding site also accelerates the decay of the rod response (14) . The acceleration of decay in Grb14 Ϫ/Ϫ rods was, however, greater than in rods lacking the Ca 2ϩ -calmodulin binding site, and we therefore wondered whether the effect of deleting the Grb14 gene could affect some other aspect of the physiology of the photoreceptor. Rod response decay can also be accelerated by an increase in the rate of inactivation of the rod effector enzyme, cyclic nucleotide PDE6. Previous experiments have shown that in mouse rods, the rate of PDE6 inactivation can be estimated from measurements of the limiting time constant D (15, 19, 20) . We therefore compared the values of limiting time constants in WT and Grb14 Ϫ/Ϫ littermates.
In Fig. 5 , we show mean values of the time in saturation (T sat ) as a function of the natural logarithm of the flash intensity for both WT rods (F) and Grb14 Ϫ/Ϫ rods (E). The value of T sat was plotted as the time required for the recovery of 25% of the dark circulating current after the beginning of the flash (see "Experimental Procedures"). The values of T sat were uniformly smaller for Grb14 Ϫ/Ϫ rods than for WT rods at any given light intensity, Fig. 2 . Error bars give standard errors of the mean. Means have been fitted with exponential saturation function, r ϭ r max (1 Ϫ exp(ϪkI)), where r is the amplitude of the response, r max is the maximum value of the response, I is the flash intensity, and k is a constant. Best fitting values were as follows: WT dark-adapted, r max ϭ 13.7, k ϭ 0.026; Grb14 Ϫ/Ϫ dark-adapted, r max ϭ 14.7, k ϭ 0.027; WT bleach-adapted, r max ϭ 4.7, k ϭ 0.0019; and Grb14 Ϫ/Ϫ bleachadapted, r max ϭ 6.0, k ϭ 0.0025. reflecting the more rapid recovery of Grb14 Ϫ/Ϫ rods. A similar phenomenon was seen previously for rods whose channel Ca 2ϩcalmodulin binding site had been disrupted (14) . The straight lines in the figures give the best fitting slopes, which provide estimates of the limiting time constants D . We have fitted only those regions of each of the two curves that are most nearly linear, avoiding the change in slope at higher intensities likely due to the finite concentration of PDE6 in each disk compartment (29) . The value of D is about 25% smaller in Grb14 Ϫ/Ϫ rods.
In Table 1 , we give values of D , averaged from determinations made for individual rods. The values are similar to those estimated from the best fits to the means of T sat in Fig. 4 and are significantly different (Student's t test, p Ͻ 0.05). We were unable to make a similar comparison for bleached rods, both because responses were smaller and T sat measurements accordingly more difficult and because the large desensitization of the rod produced by bleaching ( Fig. 3 ) had the effect that the range of light intensities over which T sat measurements could be made extended into the range where values of T sat become nonlinear with light intensity (29) .
Previous experiments have shown that the rate of decay of mouse rod responses can also be accelerated by increased expression of either PDE␥ (30) or GAP proteins (19, 20) . Although the data in Fig. 1 indicate that neither PDE␥ nor any of the GAP proteins is overexpressed in Grb14 Ϫ/Ϫ rods, we nevertheless reinvestigated this question in the experiment of Fig. 6 . Here we present a concentration series of protein expression for R9AP, PDE␥, and actin. These data confirm our view that protein overexpression is not responsible for the kinetic changes we have observed.
DISCUSSION
Our experiments show that deletion of the Grb14 gene produces a clear effect on the response properties of mouse rods. Responses decay more rapidly, consistent with previous experiments indicating an effect of gene deletion on the sensitivity of rod outer segment channels to cGMP (10) . As the cGMP concentration in the rod recovers after a flash, channels in Grb14 Ϫ/Ϫ rods open more rapidly and speed the increase in current back to base line.
Some of our findings are, however, at variance with previous results. Our previous experiments (6) found that Grb14 was nearly undetectable in dark-adapted rod outer segments either with immunohistochemistry or with cryosectioning, although subsequent experiments indicated that a small concentration of the protein may be present (10) ; the protein then translocates and can be found at much higher concentration after bright light exposure. We were therefore surprised to discover a large effect of deletion of the Grb14 gene on response decay even in dark-adapted photoreceptors. One possible explanation of this result is that Grb14 is present in dark-adapted rod outer segments but at too low a concentration to be detected by the methods used in previous experiments (6) . Although deletion of the Grb14 gene accelerated response decay in both darkadapted and bleached rods, the results in Table 1 show that the effect was greater in bleached rods. In the case of REC , for example, deletion of the Grb14 gene in dark-adapted rods reduced the mean value from 201 to 160 ms, for a decrease of 20%. In bleach-adapted rods, on the other hand, the mean value fell from 142 to 66 ms, a decrease of 54%. The decreases in integration times were 32% for dark-adapted rods and 43% for bleach-adapted rods. It is possible that deletion of the Grb14 gene has a larger effect on bleached rods because the concentration of Grb14 is greater in the outer segments of WT rods that have been exposed to bright light (6) .
Our experiments also indicate that the deletion of Grb14 shortens the time of rod response saturation (T sat ) and the limiting time constant D (Fig. 5) . Calculations based on the model of Gross et al. (31) show that an increase in channel affinity should shorten T sat but should have no effect on D . 3 The effect on D suggests instead that Grb14 in WT rods may normally prolong the decay of light-activated PDE6. An effect on PDE decay could also explain most of the other effects we have observed in Grb14 deletion rods, including the acceleration of the exponential time constant of decay ( REC ) and T sat . Moreover, an effect on PDE decay might explain why rod responses were accelerated even in dark-adapted rods and why there was little difference in dark current between WT and Grb14 Ϫ/Ϫ rods, a result that seems inconsistent with channel modulation.
We cannot exclude the possibility that deletion of Grb14 is having its principal or even its exclusive effect on PDE kinetics rather than on channel affinity. We have recently demonstrated that phosphorylated Grb14 is a competitive inhibitor of the insulin receptor phosphatase, protein-tyrosine phosphatase 1B (8) . It is tempting to speculate that Grb14 may regulate the phosphorylation or dephosphorylation of PDE itself or some other transduction protein, which then alters PDE function. Although there is now considerable evidence for modulation of PDE6 (see Ref. 32 ), this evidence is for acceleration of PDE6 decay and not for its prolongation, and it is unclear how an effect of Grb14 can be reconciled with other evidence for lightdependent regulation of PDE6 recovery. Further studies are required to examine the possible interaction and effect of Grb14 on PDE6 activity.
Previous experiments have indicated that Grb14 interacts with the insulin receptor in rod outer segments (6) . The experiments we report in this study do not yet permit us to unravel the various mechanisms of activation of Grb14, the insulin receptor, or the tyrosine phosphatase protein-tyrosine phosphatase 1B in the physiology of the rod. We plan additional experiments with animals whose rods specifically lack these other proteins, as well as from mice with rods having modified cGMP-gated channels, to shed more light on these intriguing phenomena and their role in the physiology of vision.
